Arteriogenesis supplies oxygen and nutrients in the tumor microenvironment (TME), which may play an important role in tumor growth and metastasis. Pancreatic neuroendocrine tumors (pNETs) are the second most common pancreatic malignancy and are frequently metastatic on presentation. Nearly a third of pNETs secrete bioactive substances causing debilitating symptoms. Current treatment options for metastatic pNETs are limited. Importantly, these tumors are highly vascularized and heterogeneous neoplasms, in which the heterogeneity of vascular endothelial cells (ECs) and de novo arteriogenesis may be critical for their progression. Current anti-angiogenetic targeted treatments have not shown substantial clinical benefits, and they are poorly tolerated. This review article describes EC heterogeneity and heterogeneous tumor-associated ECs (TAECs) in the TME and emphasizes the concept of de novo arteriogenesis in the TME. The authors also emphasize the challenges of current antiangiogenic therapy in pNETs and discuss the potential of tumor arteriogenesis as a novel therapeutic target. Finally, the authors prospect the clinical potential of targeting the FoxO1-CD36-Notch pathway that is associated with both pNET progression and arteriogenesis and provide insights into the clinical implications of targeting plasticity of cancer stem cells (CSCs) and vascular niche, particularly the arteriolar niche within the TME in pNETs, which will also provide insights into other types of cancer, including breast cancer, lung cancer, and malignant melanoma.
Introduction
Pancreatic neuroendocrine tumors (pNETs) represent a group of rare neoplasms that originate from pancreatic endocrine cells [1] . They are highly vascularized and heterogeneous neoplasms, which are characterized by high levels of vascular endothelial growth factor (VEGF) and its receptors [2] , the potential driver in the metastatic process of pNETs [3] , particularly in hepatic metastases [4] . PNETs also highly express platelet-derived growth factor receptors (PDGF-Rs), suggesting an increase in vascular maturation and arteriolar formation in the tumor microenvironment (TME). Sunitinib, a receptor tyrosine kinase (RTK) inhibitor and angiogenesis inhibitor targeting VEGFRs and PDGF-Rs, has been approved for the treatment of advanced pNETs. However, the therapeutic efficacy is limited, accompanied by high rates of progression. Therefore, tailoring antiangiogenic therapy to patients with pNETs requires novel insight into tumor angiogenesis. Recent advances in the understanding of the microenvironment biology of pNETs made VEGF and PDGF pathways interesting targets due to their associations with tumor angiogenesis [5, 6] , particularly their associations with the development of more mature tumor vessels and arterioles or "de novo arteriogenesis" in the TME.
Angiogenesis is considered one of the hallmarks in tumor growth and metastasis [7] , in which the heterogeneity of vascular endothelial cells (ECs) and de novo arteriogenesis may play important roles and serve as new therapeutic targets, especially in highly angiogenic tumors such as pNETs. John Hunter, a British surgeon, was the first to coin the term angiogenesis by describing blood vessels that grow in reindeer antlers in 1787 [8] . Two centuries later, Dr. Judah Folkman, a surgeon at Harvard Medical School, further developed the concept of angiogenesis, which was defined as the development of new blood vessels from preexisting vessels via sprouting [9] . Mechanistically, angiogenesis is the growth and remodeling process of primitive networks into a complex network [10] .
Broadly speaking, the growth of new blood vessels includes vasculogenesis, angiogenesis, arteriogenesis and venogenesis. Vasculogenesis is defined as the generation of blood vessels from hemangioblasts (endothelial precursors) during embryonic development of the cardiovascular system [11] , including the initial formation of blood islands and tubes. This is followed by the development of vascular trees with the myriad of blood vessels to nourish all tissues and organs. Vasculogenesis can also occur during tumor progression, which may lead to the formation of immature and poorly functioning vascular networks [10] .
Angiogenesis is a more generic concept referring to the formation of new microvessels [12] . This process is also known as neoangiogenesis under both ischemic and neoplastic conditions [13] , where new capillaries are formed by sprouting or longitudinally splitting of preexisting blood vessels [14, 15] . The capillary networks are fed by the arterioles, the terminal components of the arterial system via arteriogenesis.
Arteriogenesis refers to a process in which smooth muscle cells (SMCs) cover ECs during vascular myogenesis, accompanied by vascular stabilization. A typical change seen in arteriogenesis is the enlargement of preexisting arterioles [10] . However, an adult arteriogenesis can be a de novo process that occurs by blood vessel expansion and capillary arterialization [16] [17] [18] . Previous studies suggested that de novo arteriogenesis in adult organisms under ischemic and oncogenic conditions [19] [20] [21] could be associated with CD36 expression. CD36 is a key regulator in angiogenesis and fatty acid metabolism [22, 23] and is a potential driver in metastatic cancer stem cells (CSCs) [24] [25] [26] .
Venogenesis is used to define the formation of new venous vessels [27] . Similar to the ECs in the arteriogenesis, the venous ECs may generate different batches or concentrations of similar factors to complete the recruitment and differentiation of venous SMCs and the formation of new venules during angiogenic processes. The venule is the first ramification of the venous system that can drain blood and components in the microcirculation away from the capillary networks.
As for the tumor vasculature, it is highly heterogeneous with regard to their organization, function, and structure. Six distinct types of tumor-associated blood vessels have been identified in several types of human cancers and replicated in an animal model. These vessels develop into neoangiogenesis by three distinct but parallel interrelated processes: angiogenesis, arteriogenesis, and venogenesis [20, 27, 28] , as well as vasculogenesis by the formation of capillaries via endothelial progenitor cells or cancer stem cells [29, 30] (Figure 1) .
These different angiogenic processes may be determined by heterogeneous groups of vascular ECs that constitute the linings of the entire vascular system within TMEs. Therefore, ECs that are heterogeneous in different microenvironments may determine the complexity and diversity of their functions by serving as versatile and multifunctional organs [31] [32] [33] .
Figure 1.
Heterogeneity of blood vessels in the tumor microenvironment. During tumor progression, new blood vascular networks will be developed to provide nutrients and oxygen and remove the metabolic wastes. They can also interact with other types of cells within the vascular niche. Shown is the formation of several types of blood vessels through processes, including de novo arteriogenesis, venogenesis, vascular remodeling, angiogenesis, and vasculogenesis.
Heterogeneity of Vascular Endothelial Cells
A variety of vascular ECs are the key cell type that constitutes different kinds of blood vessels, and capillary angiogenesis is primarily mediated by the assembly of ECs. However, ECs are extremely heterogeneous. This EC heterogeneity is responsible for the formation of heterogeneous blood vessels and is involved in normal tissue homeostasis and various pathologies. The local microenvironment likely causes phenotypic differences in vascular ECs via genetic, epigenetic, signaling, and cellular differentiation mechanisms [21, 32, 34] . The morphological, functional, and behavioral heterogeneity existing in the vascular ECs is accompanied by various differential gene expression profiles [19, 21, [34] [35] [36] [37] . Additionally, ECs can sense and respond to various signals such as changes in local oxygenation, altered hemodynamic forces, and concentrations of signaling molecules from their microenvironment to maintain their functional heterogeneity. Paracrine signaling in the TME can regulate EC gene transcription, allowing for adaptive changes in a tissue-dependent manner. Therefore, the vascular endothelium should be considered as a consortium of distinct individual organs located within blood vessels, which are uniquely adapted to meet the demands of the specific microenvironments [32] , such as TMEs.
EC heterogeneity actually occurs during angiogenic sprouting, where tip cells lead the way, followed by morphologically and functionally distinct stalk cells. During this process, Notch/VEGFRsignaling regulates the differential dynamics of VE-cadherin junctions and drives functional EC rearrangements [38] . Recent studies suggest that ECs such as microvascular ECs (MVECs) may undergo transdifferentiation and change into arteriolar ECs in response to specific environmental cues via stimulation of the protein kinase D (PKD-1) signaling pathway and epigenetic regulation of the activities of transcriptional factor FoxO1 [21, 39] . Furthermore, forced expression of PKD-1, an important kinase in VEGF-mediated angiogenesis [40] , can induce a tip cell phenotype [35] . These data suggested that certain ECs may inherently have genetic traits of tip cells, which can be induced epigenetically under specific temporal and spatial conditions, thereby coordinating with stalk cells to promote functional angiogenesis [41] .
Phenotypic heterogeneity may also occur in tumor endothelium, including that of pNETs. Tumor-associated EC (TAEC) heterogeneity can be additive to the TME, tumor cell, and CSC Heterogeneity of blood vessels in the tumor microenvironment. During tumor progression, new blood vascular networks will be developed to provide nutrients and oxygen and remove the metabolic wastes. They can also interact with other types of cells within the vascular niche. Shown is the formation of several types of blood vessels through processes, including de novo arteriogenesis, venogenesis, vascular remodeling, angiogenesis, and vasculogenesis.
EC heterogeneity actually occurs during angiogenic sprouting, where tip cells lead the way, followed by morphologically and functionally distinct stalk cells. During this process, Notch/VEGFR-signaling regulates the differential dynamics of VE-cadherin junctions and drives functional EC rearrangements [38] . Recent studies suggest that ECs such as microvascular ECs (MVECs) may undergo transdifferentiation and change into arteriolar ECs in response to specific environmental cues via stimulation of the protein kinase D (PKD-1) signaling pathway and epigenetic regulation of the activities of transcriptional factor FoxO1 [21, 39] . Furthermore, forced expression of PKD-1, an important kinase in VEGF-mediated angiogenesis [40] , can induce a tip cell phenotype [35] . These data suggested that certain ECs may inherently have genetic traits of tip cells, which can be induced epigenetically under specific temporal and spatial conditions, thereby coordinating with stalk cells to promote functional angiogenesis [41] .
Phenotypic heterogeneity may also occur in tumor endothelium, including that of pNETs. Tumor-associated EC (TAEC) heterogeneity can be additive to the TME, tumor cell, and CSC heterogeneity. The ECs lining the tumor vessels are structurally and functionally abnormal, showing growth properties of cancer cells and projecting into the vessel lumen [42] . The tumor endothelium is covered by morphologically abnormal pericytes and demonstrates increased fenestrations with widened intercellular junctions or gaps. Therefore, the permeability is generally increased in certain tumor-associated vessels [43] . The TME where TAECs are exposed is unique, consisting of cancer and stromal cells such as tumor-associated fibroblasts (TAF) [44] and tumor-associated macrophages (TAM) [45] . Cancer cells may hijack the TAECs, TAFs, and TAMs for their own advantage via paracrine stromal interactions [46] . Moreover, hypoxia significantly stimulates tumor vessel growth by upregulating multiple pro-angiogenic signaling pathways, which can regulate vascular patterning, maturation, and function [47, 48] .
Intriguingly, the stromal cells within the TME may release cytokines, including soluble growth stimulators and inhibitors such as VEGF, FGF-2, thrombospondin-1 (TSP-1), and endostatin. These factors may regulate the behavior of TAECs via interaction with their receptors and influence the angiogenic status during tumor progression [20, 39, 40, [49] [50] [51] [52] [53] . The tumor-associated vessels often appear to be more dilated and tortuous, show excessive branching morphogenesis, form arteriovenous shunts, and lack normal artery-capillary-vein hierarchy [54] . However, the vascular networks should have feeding arteriolar vessels, which can provide blood and nutrients in tumor tissues [55] and may also occur in pNETs. Therefore, TAECs may be critical in determining the angiogenic status and formation of the type of blood vessels within the TME. Unlike what researchers originally thought, TAECs are actually not genetically stable but unstable and show a different gene expression profile and respond differently to growth factors compared to normal ECs [56] . This may create complexity but also opportunities to discover new targeted therapy against tumor angiogenesis.
Added to the complexity of TAEC heterogeneity are the possibilities of CSC transformation into ECs. It has been shown that a sub-population of stem-like cells can generate ECs [30, 57] due to the plasticity and transdifferentiation of cancer cells. These abnormal TAECs, in turn, release a variety of factors and cytokines to affect the tumor growth [58] [59] [60] and possibly to promote tumor metastasis. Moreover, tumors hijack physiological or developmental vascular endothelial processes, including angiogenic sprouting or vasculogenesis. They can develop vascular networks via vessel co-option or intussusception (splitting of pre-existing mother vessels to give rise to daughter vessels), and parasitize the host's vascular system to promote malignant progression [27, 61, 62] , which may be involved in different TAECs and likely cooperates with stromal vascular cells, TAFs, TAMs, and other immune cells. Thus, TAEC heterogeneity may have a different impact on cancer behavior. Due to the heterogeneity of TAECs, it is a huge challenge to pinpoint a single overall function that defines the EC population. The arteriolar TAECs may express high levels of delta-like 4 (DLL4), a Notch ligand, which can interact with Notch receptors in CSCs to promote CSC maintenance and self-renewal. Therefore, arterial differentiation and arteriolar TAECs could be critical for the development of de novo arteriogenesis under ischemic conditions within the TME of well-vascularized tumors such as pNETs, thereby facilitating metastasis and leading to therapeutic resistance.
De Novo Arteriogenesis, an Emerging Concept of Formation of New Vascular Networks
Angiogenesis, as a hallmark of cancer, supplies oxygen and nutrients and disposes wastes, which is critical for tumor growth and metastatic spreading [9, 63, 64] . Tumor angiogenesis originally referred to new capillary growth by regeneration of a population of capillary ECs within a neoplasm [63] . Tumor cells cannot grow more than 2-3 mm in diameter without angiogenesis [65] . Tumor angiogenesis is regulated by VEGF prominently via VEGF receptor 2 (VEGFR-2) signaling in vascular ECs [53] . This signaling pathway is also required for angiogenic remodeling [66] , an important process of vascular maturation and arteriogenesis. The anti-VEGF monoclonal antibody bevacizumab has shown certain clinical significance in multiple tumor types with limited efficacy, which probably results from its targeting mainly at the newly formed capillaries but not at matured tumor-associated vessels and newly formed tumor-associated arterioles [27] that we call de novo arteriogenesis.
There is a general belief that arteriogenesis refers to the remodeling process of pre-existing arteries or the increase in the lumen volume and size of the vessel wall, in which smooth muscle cell (SMC) proliferation may play an essential role [10, 67, 68] . However, de novo arteriogenesis represents the formation of new arteriolar networks via capillary arterialization, in which the proliferation and arteriolar differentiation of ECs, particularly MVECs, may be critical [17] [18] [19] 21, [69] [70] [71] [72] .
EphrinB2 represents the earliest specific marker for arterial ECs [73] . In Zebrafish, the gridlock gene, an HLH gene required for assembly of the aorta, specifies arterial fate [74, 75] and regulates the Notch signaling pathway [76, 77] . Inhibition of the Notch pathway in ECs by gridlock determines an arterial fate, while VEGF can upregulate the expression of ephrinB2 and stimulates the arterial fate of ECs [78] [79] [80] . Angiopoietins, a multifaceted cytokine that functions in angiogenesis, also regulates an arterial fate of ECs via modifying VEGF functions [80] . The small chemical molecule GS4898 can rescue the gridlock function in a Zebrafish model with a gridlock mutant phenotype [81, 82] . This small chemical molecule promotes arterial differentiation via stimulating the MAPK/Erk pathway during postnatal angiogenesis in a mouse hindlimb ischemia model [19] . These studies suggest a role of de novo arteriogenesis during development and under ischemic conditions. The micro-CT imaging actually documented the occurrence of the newly formed arterioles under ischemic conditions [19] .
Recent studies have shown that lysophosphatidic acid (LPA), a lipid signaling mediator, may facilitate the formation of functional arterioles in cooperation with VEGF in vivo [21] . This biological effect may be associated with FoxO-1 regulation of VEGF expression and crosstalk between VEGF signaling and the CD36 pathway [39] . Studies suggest that MVECs may be converted to arteriolar ECs. This process is likely to be involved in the CD36-mediated priming of VEGF signaling and capillary arterialization [22, 35, 40, 41, 83] . In fact, the crosstalk between angiogenic and antiangiogenic signaling could be critical to the specification of arterial ECs [39, 40] .
Venous ECs can be converted to arterial ECs by VEGF both in vitro and in vivo [79, 80] , further exemplifying the plasticity of vascular EC phenotypes. This phenomenon is supported by the fact that shear stress in circulation may determine the phenotypes of ECs [84] , leading to the formation of either arterioles or venules through differentiation of two distinct types of ECs.
Vascular ECs are indeed critical for the regulation of arteriogenesis. In response to VEGF and other cytokines, ECs can be activated to increase the expression of FGF-2, platelet-derived growth factor PDGF-B and TGF-β1, thereby inducing the regrowth of SMCs and vessel enlargement [10, 85] . Moreover, VEGF-mediated arteriogenic gene expression and Notch signaling may be essential for arterial differentiation and arteriolar remodeling in the TME [19, 21, 35, 66] , and may determine the arterial fate and stimulate de novo arteriogenesis via preferential activation of downstream MAPK/Erk rather than PI3Kinase/Akt signaling as shown in animal models [19, 81] . We propose that during adult angiogenesis, arteriolar ECs can signal recruitment and appropriate differentiation of arteriolar SMCs, thus leading to the development of arterioles, particularly under ischemic and oncological conditions. Furthermore, arteriolar ECs will generate a variety of factors, including PDGF-B, TGF-β1, FGF-2, and thrombospondin 1 (TSP-1) to facilitate the recruitment and proliferation of arteriolar SMCs to form arterioles. This is accompanied by a corresponding formation of the extracellular matrix, leading to the development of a mature arteriolar network.
The arterioles that feed into a capillary network in the TME [55] represent a long-term structural adaptation to the altered metabolic demand [86] , likely occurring via de novo arteriolar remodeling of capillaries into arterioles [17, 19, 21, 70, 87, 88] . The significant increase in intratumoral capillaries during tumor progression [89, 90] reasonably requires the concurrent expansion of upstream arterioles [20, 55, 89, 91] . The analysis of tumor angiogenesis based on TAEC proliferation and pericyte recruitment demonstrated that there is active angiogenesis in several types of human tumors [92] .
The results actually implicate the formation of feeding arterioles or de novo arteriogenesis [20, 27, 28] since the staining for the tumor vessels was not confirmed with other specific markers other than α-SMA, a key marker for SMCs [92] . Dr. Harold Dvorak's group elegantly documented the appearance of arteries and arterioles in the TME [27] .
Most tumors continue to generate a significant amount of VEGF over long periods of time, thus, continually inducing the formation of new blood vessels [27] . In collaboration with LPA and/or FGF-2, the VEGF might concurrently lead to previously formed vessels to develop into more stable forms of arteriolar vasculature [21, 85, 93] within the TME. In response to VEGF overexpression, capillaries are enlarged and transformed toward an arterial phenotype in a process that is known as capillary arterialization [94] or arteriogenesis. Similarly, Dvorak's group showed that in the TME of VEGF-secreting tumors, Ad-VEGF-A164 stimulates abnormal arteriogenesis and venogenesis via remodeling of pre-existing arteries and veins to feed and drain the angiogenic vascular bed in animal models [27] .
In fact, extensive studies show that arteriogenesis may likely occur within the TME in animal models and in patients with cancer [21, 27, 28, 55, 88, 89, 91, [95] [96] [97] , possibly within the TME of pNETs. NETs, including pNETs, classically, are most easily apparent in the early arterial phase of a computed tomography (CT) scan. For decades, it has been clinically appreciated that many primary gastrointestinal NETs and metastatic sites have a pattern of early arterial enhancement on cross-sectional imaging. Consequently, contrasted multiphase CT or magnetic resonance imaging is an important component in the evaluation of a patient with suspected primary or recurrent NETs [98, 99] . Compared with normal pancreatic islets, pNETs have increased expression of nestin, probably contributing to vascular remodeling within the TME of pNETs [27, 28, 55, 100] . Though the vessels in grade 3, NETs display the highest EC angiogenic activity, and they have regained pericyte coverage [101] . These studies suggest an increase in the formation of matured blood vessels and possibly the development into arterioles within the TME of pNETs. The development of arteriogenesis is supported by studies showing the high levels of pro-arteriogenic factors VEGF, VEGF receptors, and FGF-2 in NETs, but not in normal islet cells. Moreover, recent studies suggest that MVEC transdifferentiation into arteriolar ECs is likely an approach for facilitating the formation of arterioles under physiological or pathological conditions [20, 21] . Intriguingly, during development, different types of blood vessels may be generated from different origins. Pulmonary capillaries are developed by angiogenesis, while pulmonary arteries are developed by vasculogenesis [102] , which further supports the concept that de novo arteriogenesis exists under physiological and pathological conditions [19, 20] .
Maturation of the endothelial networks within the TME involves remodeling and 'pruning' capillary-like vessels with uniform size, and irregular organization into a structured network of branching vessels. Blood flow in tumor vessels is often chaotic, slow, and not efficient in meeting metabolic demands in some tumors [103] . However, blood vessels in tumor beds should be functional enough to allow oxygen and nutrients to be supplied and metabolic wastes to be removed. De novo arteriogenesis may be the case in highly angiogenic pNETs, in which the antiangiogenic drug sunitinib is partially effective as a targeted therapy against tumor vessels [104] .
Tumor Arteriogenesis: Potential Target in pNETs
Tumor angiogenesis has been extensively studied since Folkman coined this concept more than three decades ago [63] , whereas the role of de novo arteriogenesis within the TME is important but under-appreciated, and the mechanisms remain largely unknown. The arterioles to supply the vascular beds of tumors [55] might be generated by de novo arteriogenesis. The arteriolar differentiation of TAECs (a key component of the CSC niche [105] ) and arteriolar remodeling within the TME might serve as a unique vascular niche for CSC maintenance and self-renewal in malignant progression of pNETs and other types of cancers, including breast and lung cancers, and malignant melanoma.
Actually, not only do ECs serve as gatekeepers of organ homeostasis [106] , but they are also essential to maintain the function of arterioles in providing nutrients to cancer cells [19, 20, 107] , including CSCs.
EC differentiation likely plays a key role in tumor arteriogenesis [20, 27, 55, 91, 108] in that arteriolar ECs may recruit SMCs to form arterioles and promote tumor progression by serving as an arteriolar niche for CSC maintenance and self-renewal. Prior studies have shown that the LPA/PKD-1-CD36 signaling axis switches MVECs to an "arteriolar phenotype" [21, 71, 109] . We postulated that TAECs also possess plasticity and may be reprogrammed for arteriolar differentiation toward arteriolar remodeling in response to microenvironmental factors within the TME for the progression of pNETs.
NETs are regarded as neoplasms originating in the hormone-producing cells of the endocrine system. PNETs represent 1-2% of all pancreatic tumors and 7% of NETs in general, second only to gastrointestinal carcinoid [110] [111] [112] . Current studies suggest that NETs may derive from mature neuroendocrine cells that undergo dedifferentiation due to genetic mutations or the progenitors of the neuroendocrine cells that undergo mutations, and even from the non-neuroendocrine cells that acquire neuroendocrine characteristics during carcinogenesis due to the loss of certain genes [113] . These studies indicate that the cellular plasticity contributes to the formation of NETs, including pNETs, and suggests the existence of CSC plasticity.
PNETs can be hormonal non-functioning or functioning. Up to 30% of tumors can secrete bioactive substances, including insulin, gastrin, glucagon, and somatostatin [114] . PNETs are often asymptomatic and grow slowly over several years before becoming symptomatic from mass effect, with a favorable five-year relative survival rate of 54% across all Surveillance, Epidemiology, and End Results (SEER) stages combined (www.cancer.org/cancer/pancreatic-neuroendocrine-tumor). However, a small, poorly differentiated subset is associated with a very aggressive phenotype [115] . More than 10% of pNETs present hepatic metastases upon diagnosis based on several multi-center studies [116] , and approximately 85% of patients will develop hepatic metastases during a follow-up period of 20 years [117] . Current surgical and medical management have limited efficacy in the metastatic setting and show a poor prognosis compared to resected local-only disease [118, 119] . Intriguingly, pNETs are highly vascularized and heterogeneous neoplasms [120] , which are characterized by high levels of VEGF and its receptors [2] . Cytokine VEGF is a potential driver in the metastatic process of pNETs [3] , particularly in hepatic metastases [4] . PNETs also highly express PDGFRs, which promote vascular maturation and arteriogenesis [121] . Both VEGFRs and PDGFRs are targets for the RTK sunitinib, which has shown limited antiangiogenic effects though the drug can increase progression-free survival by six months only in some patients with advanced pNETs [122, 123] .
Antiangiogenic therapy may show clinical benefits in patients with pNETs with a high intensity of neoangiogenesis [124] . The antiangiogenic drug bevacizumab was tested in phase II studies of advanced pNETs in combination with octreotide and chemotherapy with acceptable toxicity but showed limited improvement [125, 126] . The limited response in these early studies may be a result of limited VEGF targeting that only inhibits the growth of the newly formed capillaries in the TME but has limited action against stable tumor vasculature [127] .
Studies implicate that arteriolar formation or de novo arteriogenesis may play a critical role in tumor progression [20, 55] . The concept that targeting arterioles improves prognosis is supported by the fact that the inhibition of the PDGF pathway enhances the efficacy of agents targeting VEGF [128] since PDGFs promote vascular maturation and arteriogenesis by mediating the recruitment of pericytes or SMCs to the newly formed blood vessels [10] . LPA likely promotes de novo arteriogenesis in the TME [20] . It is reasonable to speculate that in the early phases of cancer progression, the neoangiogenesis is dependent more on the VEGF pathway than PDGF and LPA signaling. However, this VEGF dependency may be reduced or lost in later phases when mature blood vessels are present [27] . It is during this later phase that arteriogenic drivers such as PDGF and LPA are likely more important because of their leading to angiogenic inhibitor-resistance [20, 21, 28, 128, 129] . Therefore, it is essential to establish appropriate animal cancer models that can mimic human cancer vasculature, including the formation of later stage and matured vascular networks, feeding arterioles, and drainage veins. Better understanding pathways that regulate tumor arteriogenesis may be a fundamental step to discovering an approach for controlling the progression of different types of cancer, including pNETs.
Antiangiogenic Therapy in pNETs: Challenges and Prospective
PNETs often present with metastases. Conventional therapies for advanced disease are rarely curative, and cytoreductive surgery showed limited results [130] . Targeting angiogenesis in pNETs results in therapeutic resistance. However, targeted antiangiogenic therapies like sunitinib are promising treatment options in the clinic. A phase III trial comparing sunitinib to placebo in well differentiated, unresectable pNETs showed a significant benefit in progression free survival (PFS) and suggested an improvement in overall survival [122] . Five-year follow-up of this study confirmed a benefit in PFS but failed to show an improvement in overall survival, possibly confounded by cross-over [104] . However, a phase IV trial supports the outcome of the phase III trial, further confirming that sunitinib is an efficacious and safe treatment option [131] .
A recent study analyzed a small cohort of pNET patients with sunitinib treatment in a real-world clinical setting [132] . In this clinical scenario, over 98.8% had received three or more therapeutic regimens before initiating sunitinib therapy. Among those patients, 80% had been treated with everolimus, and 95% with somatostatin analogs. Additionally, it appears that there was a synergic effect between somatostatin analogs and sunitinib based on median PFS. This study demonstrated that sunitinib was safe and effective in the clinical setting even if the patients were undergone pre-treatment. However, the significance is limited due to a retrospective investigation of a low number of patients.
Everolimus (an mTOR inhibitor) as a target agent is also effective in advanced, well-differentiated progression pNETs [133] . The RADIANT-3 trial found that everolimus also significantly prolonged progression-free survival among patients with low or intermediate grade pNETs with progressive advanced disease [133] . However, everolimus may only show a limited effect in targeting tumor angiogenesis when compared with sunitinib. Furthermore, both sunitinib and everolimus are non-specific and may target many different types of cells and show severe side-effects.
Somatostatin analogs have shown antitumor effects via direct inhibition of cellular proliferation and tumor progression and indirect regulation of angiogenesis in gastroenteropancreatic neuroendocrine tumors [134] . In a randomized, double-blind study, lanreotide, the somatostatin analog, was used in patients with metastatic enteropancreatic NETs and showed prolonged progression-free survival through mechanisms that were not completely understood [135] . Early in 1991, somatostatin analogs were reported to inhibit angiogenesis of normal vascular development in vitro [136] . Their antiangiogenic activity in the TME was elegantly discussed in the literature about tumor angiogenesis [137, 138] , possibly via acting on the VEGF pathway in TAECs [139, 140] .
Current antiangiogenic therapy is based on the concept that the molecular phenotype of neoangiogenesis in the TME is active and immature, in which VEGF is a key player. Researchers try to target these immature vessels selectively, without affecting the quiescent organ vasculature [141] [142] [143] [144] . Unfortunately, tumors often evade current single-agent antiangiogenic therapy via the induction of alternative proangiogenic pathways [3, 145] . Moreover, some tumors even increase invasiveness and metastasis in response to current antiangiogenic therapy [48, 146] .
VEGF is considered as a key driver in the metastatic process of pNETs [3] . Targeting the VEGF pathway shows antitumor effects in mouse models of pNETs. However, human patients will potentially become resistant over time and develop metastases [147] , which may be associated with FGF-associated intratumor hypoxia [3, 146] . Moreover, hypoxia-induced hypoxia-inducible factor (HIF)-1α or HIF-2α stimulates the formation of normalized functioning vessels [48] . This also supports the existence of arteriogenesis within the TME [28, 90, 91] and suggests that the formation of functional arterioles within the TME in pNETs may play an important role in malignant progression and liver metastasis. Intriguingly, concomitant inhibition of c-Met and VEGF signaling has synergistic effects in pNETs [6] , indicating that inhibition of multiple signaling pathways may increase the efficacy of anti-angiogenesis drugs. Recently, clinical trials are undergoing to investigate the combinations of immunotherapy with anti-angiogenesis treatment [148] . However, to maximize the efficacy of anti-angiogenesis, one widely adopted strategy is to combine drugs targeting multiple pathways in angiogenesis. We will focus on the Notch signaling pathway and vascular niche and CSC plasticity.
Notch Pathway: The Potential Target in pNETs
Expression of Notch receptors and ligands continue to be present in mature vessels to maintain vascular integrity and homeostasis [149] , whereas inhibition of DLL4/Notch signaling enhances non-functional vessel growth and significantly limits tumor growth by reducing blood perfusion in lung malignancies [150] . DLL4-mediated Notch signaling is also critical during active vascularization, but less important for the maintenance of normal blood vessels [151] . Blocking DLL4 signaling inhibits tumor growth, which may be associated with defective maturation of the tumor vascular network and poor tissue perfusion [152] . These studies, thus, support the concept that functional angiogenesis and arteriolar networks in the TME may promote malignant progression.
Intriguingly, forced expression of DLL4 in tumor cells affects the morphogenesis of tumor vasculature, leading to the non-functional angiogenesis in the TME [150] . DLL4 expression in myotubes can activate Notch3 in adjacent myoblasts, thereby signaling those cells for quiescence [153] . This suggests that the DLL4/Notch axis restores the SC pool via SC self-renewal. Because arteriolar ECs express DLL4 and CSCs express Notch receptors, it is reasonable to hypothesize that this crosstalk exists between TAECs in the arterioles and CSCs within the TME. Moreover, this interaction may be critical for CSC maintenance and self-renewal in pNETs. Blocking DLL4 signaling may disrupt the crosstalk of arteriolar ECs with CSCs via targeting the Notch pathway. Therefore, the combination of sunitinib with anti-DLL4 can be a potential strategy to increase therapeutic efficacy. However, to develop an optimal therapeutic strategy, it is imperative to have a better understanding of the mechanisms of tumor arteriogenesis and the oncogenic signaling essential for pNET progression.
Currently, little is known about the degree of active angiogenesis and the functional status of the vasculature within human cancers, including pNETs. The optimal vascular network should be highly organized, including venules, capillaries, and arterioles, to supply all cells with sufficient nutrients. This may not be the case in the TME for different types of cancers, but a similar organization could exist in pNETs as the early arterial phase of a CT scan can easily show pNETs and targeting the arteriogenic pathway by sunitinib had certain therapeutic effects.
Additionally, the prognostic value of microvascular density (MVD) in NETs is controversial: some studies showed that low MVD and high endothelial proliferation index are unfavorable prognostic values [154] , whereas other studies suggest that MVD was by no means a prognostic factor in pNETs [155] . In low-grade pNETs, the blood vessels are well branched, and the total surface area is expanded, whereas vessels in high-grade pNETs are plump, non-branched, and accompanied by a decreased vessel surface [156] . Increased blood vessel size or altered shape may be a marker of poor prognosis in other cancers such as squamous cell carcinoma of the vulva [157] . The observation, thus, suggests that the functional status and formation of arterioles or de novo arteriogenesis could be an important prognostic index and contribute to the progression of pNETs.
Moreover, the Notch pathway may be a key regulator of both tumor angiogenesis [150] and tumorigenesis, specifically in NETs [158, 159] . Prior studies [160] [161] [162] [163] [164] have shown that Notch1 signaling is minimal or absent in pulmonary, thyroid, adrenal, and pNETs. Overexpression of Notch1 in a human pNET cell-line (BON cells) using an inducible construct demonstrated the suppression of tumor growth, an increase in the downstream target of the Notch1 Hes, a decrease in NET marker ASCL1 [161] , and inhibition of neuroendocrine differentiation [164] . The inhibition of differentiation suggests that Notch1 signaling may promote the development of the stemness of CSCs in pNETs, which is supported by another study [165] . In contrast, a tissue microarray of 120 well-differentiated NETs arising from the pancreas (n = 74) reveals significant variability in Notch1 signaling across different tissue types, with an elevated Notch1 expression in 34% of human pNETs [166] . In patients with well-differentiated pNETs, 43.7% demonstrated positive Notch1 expression [167] , suggesting heterogeneous expression of this pathway in pNETs. Moreover, Notch1 signaling shows significant variability in tumor status across different tissue types, which may promote or inhibit tumor progression [168, 169] . Further studies are needed to elucidate the mechanisms of Notch1 in pNET progression. Intriguingly, another Notch isoform, Notch3, has been shown to inhibit the progression of medullary thyroid carcinoma [170, 171] and may be a therapeutic target [172] . Notch3 inhibits the progression of small cell lung cancer [173] , likely as a result of deregulated Notch functions in cell fate decisions [174] . Functionally, Notch may serve as either an oncogene or a tumor suppressor, depending on cellular context. Targeting Notch/Notch-ligands interplay may be an effective strategy for pNETs. DLL3 inhibits Notch activation by interfering with DLL1/Notch interaction, leading to failure of cell membrane translocation. A DLL3 monoclonal antibody conjugated with a toxic chemotherapeutic agent appears to be an effective therapeutic strategy in preclinical models of small cell lung cancer [175] . The novel DLL3-targeting antibody-drug conjugate Rovalpituzumab is currently being utilized in clinical trials [176] . Antibody-drug conjugates targeting DLL3 are able to eliminate CSCs in xenograft models of pulmonary neuroendocrine cancers [177] . These studies indicate that significant genetic and epigenetic heterogeneity could exist among different types of NETs in terms of expression of Notch receptors and target genes. It is worthy of noting that the Notch pathway is known as the key regulator of tumor angiogenesis and arterial differentiation, a key process in de novo arteriogenesis [19, 21, 39, 71, 178] . Therefore, elucidating the mechanisms by which Notch signaling crosstalk between arteriolar ECs and CSCs of pNETs in the vascular niche may hold the key to successful therapeutic approaches to targeting this pathway in both cancer and vascular compartments at the same time.
Control of pNET Progression by Targeting Vascular Niche and CSC Plasticity
Emerging evidence supports that tumor recurrence and metastasis are driven by a subpopulation of CSCs that can undergo self-renewal and differentiation. Intact tumors harbor CSCs in dedicated niches (microenvironment) [179] [180] [181] [182] [183] [184] . Intriguingly, the plasticity of this cell population allows them to alternate between CSC and non-CSCs, representing a substantial difference when compared to normal SCs. [185] . These phenotypic transitions can be driven by environmental stimuli [186] [187] [188] [189] [190] . A new and emerging concept indicates that CSCs may be much more plastic and abundant and can proliferate vigorously [191] [192] [193] , rather than presenting as hierarchies as normal SCs. This plasticity in CSCs may be an important driver of drug resistance via change of its status into quiescence. Interestingly, pancreatic adenocarcinoma xenografts appear not to be driven by quiescent CSCs but rather by the successive activation of transiently active CSCs [193] . Both differentiated and transient amplifying cancer cells can be reprogrammed into CSCs if appropriate niche signals exist in the TME [185] . On the other hand, genetic mutations may occur to sustain the self-renewal of CSCs during tumor progression and render CSCs progressive independent of niche signals. An autonomous CSC phenotype can significantly increase numbers of CSCs within tumor tissue via blocking differentiation [185] . While CSCs have also been shown to be present in pNETs [165] , it is not clear what degree of CSCs plasticity exists in this disease. Given the intratumor plasticity on top of the inherent mutability of cancer cells [194] , it may be an attractive therapeutic strategy to modulate stem cell-niche functions such as vascular niche rather than to pursue therapies that are only based on intrinsic CSC features in order to keep CSC dormant or induce its differentiation into normal cells.
Moreover, mitochondrial respiration may play an important role in the maintenance and self-renewal of CSCs [195] . Like quiescent muscle SCs, which are dependent on oxidative phosphorylation mainly through mitochondrial fatty acid oxidation [196] , quiescent CSCs might also rely on oxidative metabolism via fatty acid oxidation for their maintenance. Inhibition of oxidative phosphorylation and fatty acid metabolism could deplete this cell population, thereby improving responses to chemotherapeutics and targeted therapies. This was shown in mouse models of pancreatic cancer [197] [198] [199] . To achieve optimal therapeutic responses, targeting CD36, a fatty acid receptor and antiangiogenic receptor, could be beneficial because CD36 not only inhibits tumor angiogenesis and is associated with arteriolar differentiation and remodeling [20, 21, 108, 200] but is also expressed in a subpopulation of highly aggressive disseminated CSCs to increase metastatic potential [25] . CD36 as a fatty acid receptor may facilitate the uptake and metabolism of fatty acids in CSCs, possibly representing an opportunity to treat the late stages of disease by controlling CD36-mediated metastasis [25, 26, 201, 202] and by inhibiting arteriogenesis in TMEs.
Muscle SCs (satellite cells) are deeply quiescent, yet they localize to aerobic niches close to capillary vessels and use oxidative phosphorylation mainly through mitochondrial fatty acid oxidation [196] . Inhibition of fatty acid uptake and metabolism via CD36 indeed inhibits metastasis, though it does not affect the growth of primary oral squamous carcinomas [25] . The arterioles in the TME can provide free oxygen to tumor tissues and could serve as a unique vascular niche for the maintenance and self-renewal of CSCs in a variety of cancers, such as pNETs and breast cancer, that can rely on fatty acid as energy sources. However, the most aggressive forms of CSCs become independent of normal niche signals [190, 203, 204] . Therefore, it is worthy of studying the arteriolar differentiation and remodeling as a unique arteriolar niche in promoting CSC aggressiveness.
Furthermore, transcription factors may be involved in CSC stemness and plasticity via the regulation of CD36 transcription. The forkhead box O (FoxO) transcription factors are required for the maintenance of somatic and CSCs [205] [206] [207] , whereas FoxO1 regulates CD36 transcription [21] , which could play a key role in the development of metastatic CSCs. Moreover, FoxO1 may be an important player in the formation of a vascular niche by acting on ECs. In blood vessels, FoxO1 is highly expressed in vascular ECs, including MVECs, and is essential for the regulation of EC stability, vascular development, angiogenesis, and arteriolar differentiation [21, 200, 208, 209] . FoxO1 also functions as a potent regulator of adult vascular homeostasis [208] and endothelial quiescence via a coordinated reduction in the proliferative and metabolic activity of vascular ECs [209] . In a Zebrafish model, FoxO1 is able to restore oxidative stress-compromised vascular regeneration via interaction with the Notch pathway [41] . In MVECs and TAECs, FoxO1 can regulate the transcriptional expression of CD36 in response to LPA/PKD-1 signaling [20, 21] . These studies strongly suggest the role of FoxO1 in arteriolar differentiation and vascular maturation and implicate the involvement of FoxO1 in the formation of functional arterioles [20, 21, 39] via priming proangiogenic VEGF signaling [20] [21] [22] 35, 39, 83] . Therefore, FoxO1 might not only play an important role in the maintenance of the CSC pool but also mediate the formation of a unique vascular niche for the maintenance and self-renewal of CSCs in cancers, including pNETs.
Therefore, future potential therapeutic strategies may include combinations of antiangiogenic therapy with anti-CSC strategy by targeting both the FoxO-1-CD36 signaling axis and Notch pathways ( Figure 2 ). This combination might significantly limit the growth of cancers, including pNETs, and inhibit their metastasis by targeting both arteriolar niche and CSCs despite the caveats that CSC plasticity evokes toward the design of anti-CSC therapies. Additionally, venous components could be involved in the regulation of CSC behavior via venogenesis, the functional role of which needs to be further investigated in pNETs but is not discussed in this review. It will also be worthy of a better understanding of the mechanisms by which the vascular niche within the TME specifies the CSC state and plasticity in the setting of pNETs. Moreover, developing clinically relevant pNET models with robust angiogenesis, matured vasculature, and arteriogenesis in animals should facilitate the understanding of mechanisms and early diagnosis. The transdifferentiation of TAECs and CSCs of pNETs may be explored and targeted since TAEC heterogeneity may respond to antiangiogenic drugs differently, and the CSC plasticity concept represents the capacity of CSCs undergoing both differentiation and transdifferentiation. Because targeting vascular niche may reactivate and sensitize quiescent CSCs to anti-cancer therapy, an approach to targeting both vascular niche and CSC compartment may present an attractive strategy via the identification of key regulators of arteriolar differentiation and CSC metabolism and differentiation in cancers, including pNETs. In this regard, the PKD-1/CD36-FoxO1 signaling axis is likely to be a promising and potential candidate target. Dissecting this pathway will facilitate the identification of key and targetable regulators because of its close association with both tumor neoangiogenesis (de novo arteriogenesis) and stemness and plasticity of CSCs.
In summary, pNETs exhibit a wide range of biologic behaviors ranging from long dormancy to rapid progression. Currently, only limited therapeutic options are available to patients with advanced pNETs. The efficacy of systemic therapy is poor, with high progression rates. It is wellknown that pNETs are highly angiogenic and heterogeneous, with variable prognosis. Sunitinib is the only targeted therapy approved for pNETs, and relapse after an initial response. Carrasco et al., recently reviewed classical antiangiogenic therapies, and discussed some new angiogenic targets in NETs [210] . Here, we summarize some novel antiangiogenic "drug" molecules/agents, which may be promising and potential therapeutic targets in pNETs (Table 1) . The transdifferentiation of TAECs and CSCs of pNETs may be explored and targeted since TAEC heterogeneity may respond to antiangiogenic drugs differently, and the CSC plasticity concept represents the capacity of CSCs undergoing both differentiation and transdifferentiation. Because targeting vascular niche may reactivate and sensitize quiescent CSCs to anti-cancer therapy, an approach to targeting both vascular niche and CSC compartment may present an attractive strategy via the identification of key regulators of arteriolar differentiation and CSC metabolism and differentiation in cancers, including pNETs. In this regard, the PKD-1/CD36-FoxO1 signaling axis is likely to be a promising and potential candidate target. Dissecting this pathway will facilitate the identification of key and targetable regulators because of its close association with both tumor neoangiogenesis (de novo arteriogenesis) and stemness and plasticity of CSCs.
In summary, pNETs exhibit a wide range of biologic behaviors ranging from long dormancy to rapid progression. Currently, only limited therapeutic options are available to patients with advanced pNETs. The efficacy of systemic therapy is poor, with high progression rates. It is well-known that pNETs are highly angiogenic and heterogeneous, with variable prognosis. Sunitinib is the only targeted therapy approved for pNETs, and relapse after an initial response. Carrasco et al., recently reviewed classical antiangiogenic therapies, and discussed some new angiogenic targets in NETs [210] . Here, we summarize some novel antiangiogenic "drug" molecules/agents, which may be promising and potential therapeutic targets in pNETs (Table 1) . 
TH-302 (evofosfamide)
A hypoxia-activated prodrug, which is metabolized to its active form, bromo-isophosphoramide mustard (Br-IPM), under hypoxic conditions. Used in combination with sunitinib. 
Autotaxin (ATX) inhibitors? LPA receptor-specific antagonists?
High ATX expression in pNET tissues, which was associated with higher tumor grade, TNM staging and lymph node metastasis; ATX drives LPA expression, which is also linked to tumor angiogenesis and arteriolar differentiation and malignancy of tumor cells. [226] [227] [228] [229] Many alternative pathways are involved in the formation of tumor vasculature, which may be independent of VEGF signaling, such as vascular mimicry formation and vascular intussusception. We need to identify the key regulator of heterogeneous tumor vascular networks in the development of pNETs. We also urgently need to elucidate mechanisms by which pNETs progress, relapse, and discover key signaling molecules in de novo arteriogenesis in order to identify new targets for effective therapy. Due to the complexity and dynamic properties of heterogeneous TAECs, we may consider personalized antiangiogenic therapies, likely in combination with checkpoint-inhibitor immunotherapy, based on a patient's specific profile of tumor tissues and TAECs in order to achieve optimal therapeutic responses in the clinic [230] . Furthermore, the feeding arterioles that are derived from de novo arteriogenesis or the mature, SMC-coated daughter blood vessels could be potentially valuable targets because they supply the smaller, angiogenic vessels enclosed within the tumor mass [19, 20, 27] . A better mechanistic understanding of angiogenesis and de novo arteriogenesis within the TME, and the role of CSCs in pNET progression may provide insight into novel and effective treatment strategies not only in pNETs but also other highly angiogenic and arteriogenic cancers. 
